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Kevin Fox
In a neuron’s dendritic spine, the location of CaMKII
is controlled by a number of interacting factors,
including its ability to bind calcium/calmodulin, its
phosphorylation state and the synthesis of new sub-
units in the dendrites. New studies have shown that
the exact location of CaMKII is crucial for the form
and endurance of synaptic plasticity.
Our concept of the synapse and synaptic function has
evolved enormously over the past decade. In the past,
the synapse has often been treated as a system of
complicated switches turned on and off by endoge-
nous transmitters and pharmacological agents. More
recently, however, an understanding of what lies
beneath the membrane on either side of a synapse has
led to a view of synaptic function as the operation of
an intricate set of molecular mechanisms. The synap-
tic machine even has real moving parts: AMPA and
NMDA glutamate receptors have been shown to slot in
and out of the membrane [1,2]; and calcium/calmodulin
kinase II (CaMKII) has been shown to move in and out
of the ‘post-synaptic density’ — the specialised region
immediately beneath the postsynaptic neuron’s mem-
brane that faces the synaptic cleft — under the control
of its own phosphorylation state [3]. Understanding the
role of various synaptic constituents therefore relies,
not only on knowing how they are activated and what
they act upon, but also where they are located within
the molecular machinery at any one time.
Two groups [4,5] have now reported on the functional
significance of the regulated subcellular location of
CaMKII in dendrites. Elgersma et al. [4] have studied the
importance of CaMKII located in the postsynaptic
density. And Miller et al. [5] have looked at the signifi-
cance of CaMKII mRNA translation in the dendrites —
as opposed to the soma — by preventing the delivery
of CaMKII mRNA to the dendrites. Using advanced
molecular genetic techniques, both groups have shown
that the location of CaMKII can determine its function
and thereby affect the plasticity of the synapse.
In its basal state, CaMKII is phosphorylated on
residue threonine 305 [6]. Elgersma et al. [4] found that
phosphorylation at this site substantially decreases the
amount of CaMKII in the post-synaptic density [4]. They
replaced CaMKII’s threonine 305 with an aspartate —
mutation T305D — which mimics a phosphorylation
group. They found that this led to a reduction in the
total amount of CaMKII in post-synaptic-density-
enriched fractions to only 28% of the wild-type level.
This is consistent with earlier studies which showed
that preventing phosphorylation at the 305/306 sites
increases CaMKII’s affinity for the post-synaptic density
[3]. The explanation for this behaviour is probably that
phosphorylation at the inhibitory 305 site prevents
binding of calcium/calmodulin to CaMKII and, as such
binding is necessary for translocation of CaMKII to the
post-synaptic density, the lack of it leads to CaMKII
being marooned in the cytoplasm (Figure 1).
Loss of CaMKII function — whether by direct
inhibition of the enzyme or inactivation of the gene —
is known to prevent plasticity in the hippocampus
and cortex [7,8]. CaMKII is ubiquitously distributed in
the cytoplasm and the post-synaptic density,
however, so it could potentially influence plasticity at
a number of different sites. The T305D mutant form of
CaMKII is characteristically present at low levels in
the post-synaptic density, making it is possible to test
whether CaMKII has to be present in the post-synap-
tic density for plasticity. Elgersma et al. [4] found that
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Figure 1. Movement of CaMKII within the synapse and
dendritic spine.
A highly schematic view of the possible transition states of
CaMKII (blue squares) is shown for a single subunit. CaMKII is
a 12 member heteromer composed of α and β subunits, but
single subunits are shown here for clarity. CaMKII is translated
in the polyribosomes under the control of calcium influx to the
dendrite [13] and is presumably assembled into multimers
nearby. CaMKII can move into the post-synaptic density when
it binds calcium/calmodulin during elevated levels of synaptic
activity [3]. It can then either bind to the NMDA receptor (not
shown) and/or autophosphorylate on residue threonine 286.
Further phosphorylation at threonine 305 results in CaMKII
being expelled from the post-synaptic density. Binding to the
NMDA receptor subunit NR2B may protect CaMKII from
inhibitory phosphorylation and thereby prolong further its dwell-
time in the post-synaptic density [15]. Note that a number of
possible intermediate states and transitions have been omitted
for clarity.
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hippocampal LTP — induced in wild-type animals by
theta-burst stimulation or a 100 Hz tetanus of 1
second duration — was abolished in T305D mutant
mice. This implies that CaMKII is required in the post-
synaptic density for LTP induction [4]. The same
mutants also exhibited severely impaired memory in
the water maze task, suggesting that in vivo hip-
pocampal plasticity also depends on the presence of
CaMKII in the post-synaptic density [4].
So why does CaMKII need to be located in the post-
synaptic density for plasticity? Many substrates of
CaMKII are located in the post-synaptic density and
the molecules almost certainly need to come into
close proximity in the appropriate combinations to
interact. Once in the post-synaptic density, CaMKII
can phosphorylate substrates including — but not
limited to — the GluR1 subunit of the AMPA channel,
SynGap and the NMDA channel. CaMKII may also
control delivery of newly formed AMPA channels into
the membrane from the post-synaptic density, or
create anchoring assemblies for delivery of AMPA
channels into the membrane from this location [9]. The
action of CaMKII in this regard is an example of a
more general principle of cellular organization. Complex
signal transduction pathways are often organized in
cells by a system of scaffold, anchoring and adaptor
proteins which bring enzymes and substrates into
close proximity to increase the efficiency of trans-
duction and restrict the possible molecular interac-
tions to just those required [10].
Not only is the localization of CaMKII carefully
regulated in the dendritic spine, but so too is the
supply of available CaMKII to the dendritic spine. Most
proteins are synthesized in the soma and transported
to their final location within the cell, but like several
other neuronal proteins, CaMKII is translated in the
dendrites by polyribosomes proximal to dendritic
spines [11,12]. Synthesis of CaMKII is calcium-depen-
dent and can be induced by sensory activity capable
of inducing plasticity [13,14]. The functional signifi-
cance of this mechanism has been studied by Miller et
al. [5]. By altering the sequence of the 3′ untranslated
region that addresses CaMKII mRNA for delivery to the
dendrites, this group was able to produce an animal
that contained CaMKII at normal levels in the soma but
at greatly reduced levels in the dendrites. The CaMKII
in the post-synaptic density was reduced to 17% of
control levels in this mutant, indicating that most, but
not all, CaMKII in the post-synaptic density is normally
generated in the dendrites [5].
Curiously, the early phase of LTP was unaffected by
the low level of CaMKII in the post-synaptic density.
But LTP was impaired from 2 hours after the tetanus
onward. Similarly, short-term memory over a period of
30 minutes was unaffected in the mutants, but longer-
term memory was impaired. One interpretation of this
result is that a supply of newly synthesized CaMKII
subunits is required for maintenance of the later
stages of LTP and memory. Why this might be the
case is not clear at present.
The mutations discussed here lead to a static or
end-state distribution of CaMKII and do not necessar-
ily tell us about the dynamic behaviour of wild-type
CaMKII under various phosphorylation conditions. But
some insight can be gained by comparison with cell
culture studies, where dynamics can be studied using
GFP-tagged CaMKII [3]. One possible sequence of
events is as follows: synaptic stimulation capable of
producing late phase LTP increases the enzymatic
activity of CaMKII located in the post-synaptic
density, because the kinase becomes phosphorylated
at threonine 286, increasing its affinity for calcium/
calmodulin and thereby lengthening its dwell-time in
the post-synaptic density (Figure 1). Very high levels
of CaMKII kinase activity then lead to phosphorylation
at the threonine 305 site and consequent expulsion of
CaMKII from the post-synaptic density. According to
this argument, maintaining the level of active CaMKII
then requires replenishment of the post-synaptic
density from the pool of newly synthesized CaMKII.
Without the replenishment, late phase LTP does not
develop fully [5].
One aspect of the above theory which is not clear,
is how the newly synthesized CaMKII gets into the
post-synaptic density without further calcium influx
and hence calcium/calmodulin binding (Figure 1). It is
conceivable that a sufficient quantity of newly synthe-
sized CaMKII is able to drive the kinase molecules into
the post-synaptic density by diffusion, or alternatively
the NMDA channel may be sensitized to admit higher
levels of calcium during normal synaptic transmission
for some time after the initial plasticity inducing event.
Another aspect that is not clear is why newly synthe-
sized CaMKII would be required rather than recycled
CaMKII. Clearly, many questions remain to be
answered, but by linking the location of CaMKII to its
function, the studies discussed above give an impor-
tant rationale for further investigation in this field.
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